A design navigator to guide the transition towards environmentally benign product/service systems based on LCA results by Neramballi, Abhijna et al.
A design navigator to guide the transition towards
environmentally benign product/service systems based on LCA
results
Downloaded from: https://research.chalmers.se, 2021-08-31 11:09 UTC
Citation for the original published paper (version of record):
Neramballi, A., Sakao, T., Willskytt, S. et al (2020)
A design navigator to guide the transition towards environmentally benign product/service
systems based on LCA results
Journal of Cleaner Production, 277: 124074-
http://dx.doi.org/10.1016/j.jclepro.2020.124074
N.B. When citing this work, cite the original published paper.
research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library
(article starts on next page)
lable at ScienceDirect
Journal of Cleaner Production 277 (2020) 124074Contents lists avaiJournal of Cleaner Production
journal homepage: www.elsevier .com/locate/ jc leproA design navigator to guide the transition towards environmentally
benign product/service systems based on LCA results
Abhijna Neramballi a, *, Tomohiko Sakao a, Siri Willskytt b, Anne-Marie Tillman b
a Division of Environmental Technology and Management, Department of Management and Engineering, Link€oping University, SE, 58183, Link€oping,
Sweden
b Division of Environmental Systems Analysis, Department of Technology Management and Economics, Chalmers University of Technology, S, 412 96,
Gothenburg, Swedena r t i c l e i n f o
Article history:
Received 3 September 2019
Received in revised form
25 August 2020
Accepted 1 September 2020
Available online 7 September 2020







Life cycle assessmentAbbreviations: List of acronyms, LCA; (life cycle
function deployment), PSS; (product/service syste
function deployment), EO; (existing offering), RO (red




0959-6526/© 2020 Elsevier Ltd. All rights reserved.a b s t r a c t
With rising societal demands for a transition towards a circular economy and intensifying market
competition, manufacturing companies are increasingly seeking alternative ways to design and develop
their industrial offerings with reduced environmental impacts and increased value. A possible solution
lies in designing environmentally benign product/service systems (PSSs), which often requires the
redesign of existing offerings in industrial practice.
This article presents a design navigator named lifecycle-oriented function deployment (LFD), which
builds on the widely utilized life cycle assessment (LCA) and quality function deployment (QFD) to
support the redesign of existing industrial offerings towards PSSs with reduced environmental impacts.
LFD includes a novel procedure to derive environmental requirements using LCA and to prioritize them
along with customer requirements. It introduces a list of generic service design characteristics to support
service design. It also contains a QFD-based procedure to identify design parameters (characteristics and
components for both products and services) that have a relatively strong influence on the prioritized
requirements. Further, a novel way is proposed to capture specific product and service design charac-
teristics that are feasible to integrate and potentially have a rather strong influence on the requirements
when combined.
LFD is subsequently applied in a case study to conceptually redesign an existing offering in a
manufacturing company. The application is then assessed using an LCA and a semi-structured interview
with the users of LFD. The LCA results indicate significant reductions in environmental impacts of the
redesigned concepts, and the interview revealed benefits for the practitioners who used LFD.
© 2020 Elsevier Ltd. All rights reserved.1. Introduction
Over the last few decades, manufacturing companies have faced
the challenge of lowering the environmental impacts of their
products from a lifecycle perspective (Alting and Legarth, 1995;
Ramani et al., 2010). This challenge has been escalating with our
societies’ increasing interest in the transition towards a circular
economy (CE), “which is restorative by design, and aims to keepassessment), QFD; (quality
m), LFD; (lifecycle-oriented
esigned offering).
e, abhijna.19@gmail.comproducts, components and materials at their highest utility and
value, at all times” (Webster, 2015). The challenge accumulates on
top of the need for constantly improving the marketability and
competitiveness of the offerings (Tukker, 2015). Addressing these
challenges simultaneously is highly demanding but crucial for the
companies.
A product/service system (PSS), defined as “a mix of tangible
products and intangible services, designed and combined so that
they jointly are capable of fulfilling final customer needs” (Tukker
and Tischner, 2006) has been heralded as one of the most effec-
tive instruments for addressing the aforementioned challenges
A. Neramballi, T. Sakao, S. Willskytt et al. Journal of Cleaner Production 277 (2020) 124074(Tukker, 2015). Despite its envisioned potential, all transitions to
PSSs are not necessarily environmentally benign (Tukker, 2004).
Therefore, supporting companies to design PSSs with compara-
tively less environmental impacts (than existing industrial offer-
ings1) is important. In industrial practice, redesign is significant,
since most design solutions evolve from existing models (Li and
Chen, 2010). Thus, supporting manufacturing companies in the
redesign of their existing design objects towards PSSs with
comparatively less environmental impacts is crucial.
Life cycle assessment (LCA) (ISO, 2006), a rigorous method used
for calculating environmental impacts generated over a product
lifecycle, is widely acknowledged and used in industry. It can be
used in redesign, as it highlights the environmental impacts of a
design object with quantitative figures (Mu~noz et al., 2009). Earlier
research reports concrete cases of using LCA results to redesign
products without a pre-defined procedure (Lacasa et al., 2016;
Mu~noz et al., 2009) and a number of methods for designing prod-
ucts using LCA results (Ramani et al., 2010). An LCA based approach
has also been used in a specific case of PSS design in industry
(Fargnoli et al., 2018). Although a few such works (see also, e.g.,
Lelah et al., 2011) have previously exploited the potential of LCA to
support PSS design, the process of translating LCA results into
actionable insights for PSS designing remains a black or grey box
and tends to be case-specific. This issue points towards a lack of
transparent and generic support for practitioners to navigate the
redesign of an existing industrial offering towards a PSS with
decreased environmental impacts, by systematically utilizing the
results of its LCA. This type of support will be of significance due to
the expectation for wide adoption by designers in manufacturing
companies.
The objective of this article is to provide manufacturing com-
panies with a generic and transparent design support to address
the prevalent challenges concerning the reduction of environ-
mental impacts and enhancement of themarket competitiveness of
their offerings. To operationalize this objective, development op-
portunities related to LCA and PSSs are exploited, and a generic
design navigator2 named lifecycle-oriented function deployment
(LFD) is proposed. This navigator uses the results of LCA of any
existing industrial offering to support decision-making in the early
phase of its redesign, towards a PSS with reduced environmental
impacts. It builds upon earlier works with a combination of quality
function deployment (QFD) for a product and LCA (Sakao, 2007) as
well as QFD for PSS (Sakao et al., 2009). QFD (Akao,1990) is adopted
because it translates various requirements into design character-
istics and components in a systematic manner (Fargnoli and Sakao,
2017) and is one of the most widely used methods in industry
(Booker, 2012). Thereafter, the utility of the presented navigator is
assessed with a real case in a manufacturing company.
The article is structured as follows. First, Section 2 gives more
detail for the motivation of this research based on a review of
related works. Next, Section 3 describes the design navigator in
detail, while Section 4 provides the details of its application to a real
case in industry. Finally, Sections 5 and 6 discuss the research re-
sults and present the conclusion and future work, respectively.1 Existing industrial offerings refer to products, services or product/service sys-
tems offered to customers at present.
2 “Design navigator” is introduced as an alternative to the highly saturated aca-
demic term “design method” offered to support the design activities carried out by
practitioners. It is described as “a support system to guide the decision making of
designers during design or redesign activities, considering the situation of the of-
fering and the designer”.
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2. Research motivation
All transitions of industrial offerings to PSS may not necessarily
reduce their environmental impacts (Kjaer et al., 2019; Tukker,
2015). Rather, the offerings have to be designed, developed and
delivered in specific ways (Vezzoli et al., 2015) to achieve the
desired results. Environmental impacts of the offerings are mainly
determined during the early stages of design of new offerings
(Ramani et al., 2010; Lindahl, 2018) or the redesign of existing of-
ferings. Consequently, designers need to be aware of and respon-
sive to these potential environmental impacts, during the early
stages of design or redesign, to develop environmentally benign
PSSs. The involved physical products and services of the offering
being designed also need to be combined, integrated and optimized
as a system from a lifecycle perspective (Lindahl et al., 2014;
Lindahl, 2018) to make full use of the potential.
Several definitions of the PSS have been proposed in academia
(see Boehm and Thomas, 2013; Tukker, 2015); however, to the best
of the authors’ knowledge, none of these definitions comprehen-
sively encapsulates the role of design and the lifecycle perspective.
Consideration of these aspects during the development of a PSS is
crucial to effectively create value for the customers and to mitigate
the potential environmental impacts. In order to highlight the
importance of consideration of these crucial aspects, PSS is rede-
fined here as “a system consisting of integrated combinations of
tangible products and intangible services that is designed from a
lifecycle perspective to create value for customers and to reduce its
environmental impact” (modified from Tukker and Tischner, 2006;
Lindahl et al., 2014). Below, differences in the characteristics of the
design of traditional products and PSSs are explained in more detail
to highlight the motivation for this research.
The focus of the development of traditional product-centric
offerings is mainly on the design of physical elements (Maussang
et al., 2009) complemented by the design of any needed service
activities (Aurich and Fuchs, 2004). In contrast, the design of PSSs
requires consideration of a systems perspective (Manzini and
Vezzoli, 2003), and the systematic integration of product and ser-
vice elements (Aurich et al., 2006; Geum and Park, 2011), partly
based on their potential exchangeability (see Sakao and Lindahl,
2015). This brings the required value to the PSS as a system
(Baines et al., 2007). On top of the aforementioned characteristics, it
requires consideration of a lifecycle perspective (Lindahl et al.,
2014) to make informed design decisions in relation to the envi-
ronmental impacts. Due to these inherent differences in charac-
teristics, PSS development is considered to require specific design
approaches (Vezzoli et al., 2015). As a consequence, an increasing
number of manufacturing companies are seeking support in the
form of dedicated design methods and tools, as they explore the
prospect of transitioning to PSSs (Vasantha et al., 2012). A few
existing methods provide support for the lifecycle-oriented design
of PSSs with consideration of environmental aspects (Aurich et al.,
2006;Maxwell et al., 2006; Geum and Park, 2011; Sousa-Zomer and
Miguel, 2017). However, none of these methods allow users to
quantitatively reflect on the environmental impacts of an offering
being redesigned to a PSS.
LCA can potentially provide the required quantitative informa-
tion regarding environmental impacts, as illustrated by its exten-
sive application in the ecodesign of products (see Chang et al.,
2014). Several previous works have used LCA to support different
aspects of the realization of environmentally benign PSSs, including
business model aspects. For example, Allais and Gobert (2016), in
part, used comparative LCA to analyse the changes introduced by a
transition towards a PSS-based business model for the offering of
small household appliances in an urban area. Scheepens et al.
(2016), in turn, applied an LCA based eco-costs value ratio model
3 Customers may refer to the ones who directly pay for the offering, while the
users are the ones who use the offering. In most cases, they tend to be the same.
Both “customers” and “users” are referred to as “customers” throughout the paper
for simplicity unless specifically addressed otherwise.
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based business models for the offering of sustainable water recre-
ation. Zhang et al. (2018) proposed an evaluation approach that
utilizes LCA, in part, to support the analysis, assessment and se-
lection of sustainable alternatives of PSS “modes” for the offering of
high-energy-consuming equipment.
A few other past works have indicated (e.g., Bey and McAloone,
2006) and also demonstrated (e.g., Lelah et al., 2011) the potential
exploitability of LCA in PSS design without showing a generic and
operational design procedure. Yet, few otherworks have proposed or
utilized pre-defined LCA-based approaches to support comparative
assessments of alternative PSS and/or other design solutions. For
example, Amaya et al. (2014) proposed an LCA-based computational
approach to support designers in quantifying and comparing the
environmental impacts of different PSS design alternatives. Also,
Fargnoli et al. (2018) partly utilized an LCA-based approach to simu-
late and evaluate alternative life-cycle scenarios for a specific case of
PSS design in the medical device manufacturing industry.
However, these previous works do not provide a generic and
transparent procedural support to translate the information
sourced from the LCA of an existing offering, in terms of relevant
information that can guide its redesign to an environmentally
benign PSS. More specifically, there is a lack of support for PSS
designers i) to identify and prioritize relevant environmental
design requirements based on the results of the LCA of an existing
offering, ii) to elicit rated integral design requirements including
environmental and customer requirements, and iii) to prioritize the
integration alternatives of specific product and service elements
based on the elicited design requirements. This type of support will
be useful to make effective design decisions during the develop-
ment of environmentally benign PSSs.
3. Description of the design navigator
3.1. Overall procedure
LFD is intended for application in the early stages of the con-
ceptual design of new offerings based on previous generation
design objects (existing offerings). The application of the navigator
is carried out in four phases, with cyclical iterations, if required. An
overview is illustrated in Fig. 1.
The objective of the redesign is to increase value to and meet
requirements of customers (or users) by directly addressing their
needs and reducing the environmental impact of the existing of-
fering. The existing offering can include both product and service
elements, with no restriction on the current level of integration
between them. To exploit the full potential of a prospective PSS,
these elements need to be redesigned and integrated appropriately
from a systems and lifecycle perspective. The involved products or
services can have any degree of design maturity. In this research,
the designmaturity of a design object is considered to be relative to
the number of times of previous design.
Application of LFD starts in Phase 0 with the offering being
redesigned, termed as existing offering (EO). In this phase, the
market research and LCA of the EO are performed to collect the
customer needs and assess the current levels of environmental
impact, respectively.
This is followed by Phase 1, which utilizes the outcomes of the
previous phase to aid the designers in three different aspects: i)
elicitation and quantitative-based prioritization of customer and
environmental-related requirements, ii) derivation of product and
service design characteristics, and iii) semi-quantitative translation
of rated requirements into rated product and service design char-
acteristics. The outcomes will indicate the relative impact of spe-
cific design characteristics on the rated requirements.3
Using these outcomes, Phase 2 will support the translation of
these semi-quantitatively rated product and service design char-
acteristics into semi-quantitative ratings for specific product and
service components. These outcomes will indicate the relative
impact of specific components on the rated requirements. This
phase allows the designers to perform an in-depth analytical in-
spection of specific components of the offering and their relation-
ship to the rated requirements vis-a-vis the rated characteristics.
Phase 3 will also utilize the outcomes of Phase 1 to guide the
prioritization for the integration of potentially feasible combina-
tions of product and service design characteristics. This prioritiza-
tion is based on potential exchangeability and the combined impact
on rated design requirements.
The outcomes of the phases 1e3 collectively form the “hotspots”
to be considered for redesign during the proceeding concept gen-
eration phase. Phase 0 can be carried out by market and environ-
mental specialists (with, e.g., LCA knowledge) of the company. The
remaining phases are recommended to be carried out in a work-
shop setting, including personnel with the following roles as par-
ticipants: i) product designer or developer, ii) service designer or
developer, iii) environmental specialist, and iv) market specialist.
Phases 0 and 1 need to be carried out in sequence, while the rest
can be carried out in any order after Phase 1, according to the need
for the specific redesign.
3.2. Phase 0
This phase has two activities: Activity 0.1. Market research and
Activity 0.2. LCA. They can be carried out in parallel. The goal of this
phase is to analyse the EO both from customer/market and from the
environmental points of view.
3.2.1. Activity 0.1. Market research
This activity entails gathering i) market (customer and or user)3
feedback regarding the EO and ii) their needs from the RO. The
major outcome of this process is customer needs and their expec-
tations from the RO. It can be performed by internal or external
marketing specialists. Themethods supporting this process arewell
established in academia and industry (see Akao, 1990; Ulrich and
Eppinger, 2012).
3.2.2. Activity 0.2. LCA
This activity entails life cycle assessment (LCA) (see Baumann
and Tillman, 2004; ISO, 19970, 1997) of the EO. It can be per-
formed by environmental specialists, either internal or external, to
the navigator users’ company. The major outcome of this activity is
information regarding the environmental impact of the EO from the
lifecycle perspective.
3.3. Phase 1 e Prioritization of design characteristics
Phase 1 has three activities: Activity 1.1. Requirements elicitation
and the corresponding quantitative prioritization. The outcomes of
Phase 0will serve as the informational input to this activity; Activity
1.2. Derivation of product and service design characteristics of the
EO; Activity 1.3. Co-relation of product and service characteristics of
the EO with the rated requirements, to obtain their respective
relative impact ratings. A skeletal representation of the QFD-based
matrix used in this phase is illustrated in Fig. 2.
Fig. 1. Overview of lifecycle-oriented function deployment (LFD).
Fig. 2. Skeletal representation of the Phase 1 matrix and respective outcomes.
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This activity is carried out in three sub-activities. Design re-
quirements in this research refers to certain aspects of the offering
that need to be addressed during its redesign, from the perspective
of customers and the environment. In the first sub-activity, the raw
data regarding customer needs obtained from Activity 0.1. is
translated into design requirements. Subsequently, importance
ratings of these requirements are established by the participants of
the workshop, based on the market research (see Section 3.2.1) and
on their expert knowledge regarding the EO (see Akao, 1990; Ulrich
and Eppinger, 2012), on a numerical scale between 0 and 5 (0 - not
important at all; 5 - most important). It is sensible for theminimum
of the scale to be 0 due to two reasons: the first is to maintain
consistency with the importance ratings for the category of envi-
ronmental requirements (to be explained later), while the second
is, in case of a group decision, to allow a perception of “not
important at all” to be expressed. The numerical ratings of the
different requirements are thereafter translated into relative






where Ci is a numerical scale rating between 0 and 5 for each
customer requirement, i ¼ 1, 2, 3 … n, and n is the number of
customer requirements.
In the second sub-activity, environmental requirements and
their relative importance are derived by carrying out the following
three-step procedure. The input is the results from the LCA study of
the EO (see Section 3.2.2). LCA results are commonly expressed as
impact scores at the midpoint level. Current recommendations on
LCA methodology (Hauschild et al., 2013) suggest the use of eleven
such mid-point impact categories,4 even if, in practice, fewer are
often used. LCA results in such a format can be difficult to relate to
by non-specialists, such as designers. Further, the results for several
impact categories are often correlated, as not all of them necessarily
carry meaningful information individually. For instance, a study by
Janssen et al. (2017) based on 18 different LCA studies showed that
the impact category non-renewable energy use (NREU) strongly
correlated with global warming potential (GWP), while renewable
energy use (REU) strongly correlated with eutrophication potential
(EP), acidification potential (AP) and photochemical oxidant crea-
tion potential (POCP), but did not correlate with GWP and NREU. In
addition, EP strongly correlated with AP. There were exceptions
from these observations, however, such as for LCA studies of spe-
cific technologies or products.
For these reasons, it is suggested to simplify LCA results in the
first step by filtering and choosing only a few relevant impact cat-
egories as environmental requirements, by weighting all the scores
of all the impact categories to a single score. Only those impact
categories that contribute the most to the weighted single score are
selected. Furthermore, impact categories with strong correlations
can be deselected. It is recommended to use multiple weighting
methods for weighting to a single score, as different methods are
built on different principles for valuing the environment and thus
put different weights to different environmental impact categories.
For example, the EPSmethod (Steen,1999) is based on awillingness
to pay, whereas the ReCiPe (Goedkoop et al., 2009) weighting fac-
tors derive from the judgment of an expert panel. An additional
principle is the distance to politically set targets, operationalised,
for example, in the EDIP method (Hauschild and Potting, 2015). For4 Midpoint impact categories are referred to as impact categories from here on.
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each weighting method used, the outcome is a set of weighted
scores for the midpoint impact categories. In practice, to obtain the
weight of the different impact categories, the physical flows
quantified as a result of the inventory phase of LCA are multiplied
with the midpoint characterization factor. It is converted to a non-
dimensional figure through normalization and expressed in com-
mon units across the different impact categories through multi-













where WI indicates the weighted impact, InvðXÞ is the inventory
results for substance X, CFImpactðXÞ is the midpoint characterization
factor of substance X in a particular impact category (impact),
NVImpact is the normalization reference for the impact category
(impact), and WFImpact2 is the weighting factor of the impact cate-
gory (impact). For more details, see Itsubo (2015).
The first step in the second sub-activity starts with normalising
the weighted impacts (WI from [2]) internally for each weighting
method, that is, their relative contribution to the single score is









where wkjrepresents the weighted normalised impact score for
impact category j based on weighting method k expressed as a
percentage contribution to the overall single score. Also, j¼ 1,2,3…
g; here, g is the number of impact categories considered in the
weighting method k.
For each weighting method, those impact categories with the
highest contribution to the single score are selected. Often, for each
weighting method, there are a few impact categories (i.e., one to
four) that dominate the contribution to the single score. Should this
not be the case, the impact categories that individually contribute
tomore than 15% (arbitrary) or that in total contribute to more than
80%5 to the overall score are selected. A total list of all impact cat-
egories pointed to as significant by all the applied weighting
methods is then constructed. Typically, there will be several
methods that point to the same impact category as significant (e.g.,
GWP), whereas other impact categories may be pointed to by only
oneweighting method. In such cases, further investigation (beyond
the specific weighting method) of the impact category is required
to see what resources, substances, or emissions contribute to the
impact category. This is needed to identify equivalent impact cat-
egories across different weighting methods. The list can be further
simplified if the impact categories that are correlated are dese-
lected. Such deselection is then based on a detailed analysis of the
LCA study of the EO and requires some LCA expertise, but such
deselection is not always necessary. Examples of LCA studies where
a similar method for interpreting LCA results have been applied
include Tillman et al. (1998), Willskytt and Tillman (2019) and
B€ockin and Tillman (2019). When the most important impact cat-
egories have been identified, dominance analysis should be carried
out. That entails investigating which processes and aspects of the
offering along the lifecycle contribute the most to the selected
impact categories. Doing so will support the designer’s work of5 A similar approach is suggested by the European Commission, PEFCR Guidance
document - Guidance for the development of Product Environmental Footprint
Category Rules (PEFCRs), version 6.3, December 2017.
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The second step is to aggregate and create an average of the
weighted normalised impact scores of the selected environmental






;0  Ej  1 [4]
where Ej is the aggregated weighted impact score for impact
category j, k ¼ 1,2 …,h, and h is the number of weighting methods.
Thereafter, the third step is to normalize the aggregated weighted
impact score of the selected impact category j to derive relative





is used, where j ¼ 1; 2; 3;…p and p is the number of selected
impact categories. This step is prescribed in order to relatively
prioritize the selected impact categories and, thus, to derive rela-
tively prioritized ratings of requirements from the environmental
point of view.
In the third sub-activity, the importance of the customer re-
quirements in relation to the environmental requirements is








*ð1 fÞ; ð0 f 1Þ; [6]
where f is a relative factor of importance for the category of
customer requirements over that of environmental requirements
assigned by the designer. This step is introduced to be able to
relatively prioritize the customer and environmental categories of
the requirements. This relative prioritization is necessary to pro-
vide the control to the designers to set the relative importance of
environmental and customer requirements (based upon the design
strategies of the manufacturer) and prevent any in-built bias on the
weighting (bias originating from the disproportionate number of
requirements between the two categories of requirements).3.3.2. Activity 1.2. Derivation of design characteristics (product and
service)
Design characteristics of the EO are derived by the designers
participating in the workshop, either based on their tacit knowl-
edge or with documented information. A design characteristic in
this research is defined as a measurable feature belonging to specific
design objects that can be influenced by the designers to achieve
desired outcomes, in line with Arai and Shimomura (2005). These
characteristics can be expressed with different levels of granularity,
depending on the maturity of the design object. In the case of the
redesign of product-centric offerings with complementary services,
the product design objects are usually well defined and relatively
mature. Thus, the designers can directly derive the product design
characteristics by analysing the design object. If the service design
characteristics of the same offering are relatively immature, de-
signers can refer to the generic list presented in Table 1 for guidance
on how to derive the characteristics.
The list can be utilized as a guiding tool while deriving the final
service design characteristics for an existing (immature) service
design object of the EO. It is a synthesis result of a rigorous review
of the literature that has described the service characteristics of
various industrial service offerings (see Appendix A for details). The
descriptions of measurables are partly derived from the stated6
literature and partly based on the authors’ own reasoning. Envi-
ronmental impacts of the service offering being designed or rede-
signed can be influenced by manipulating the identified service
design characteristics: e.g., if a service offering is too responsive, it
might have higher environmental impacts, due to an increase in the
frequency of transportation of the involved service actors. The final
list does not have to be limited to the characteristics presented in
Table 1 but can also be additionally derived based on the customer/
environmental requirements following the procedure prescribed
by Akao (1990).
3.3.3. Activity 1.3. Co-relation of PSS characteristics and
requirements
The rated requirements (see Activity 1.1) are co-related with the
identified design characteristics (see Activity 1.2) by the designers
in the same way as in traditional QFD (see Akao, 1990). The dif-
ference in this activity from the traditional QFD is in the analysis of
both product and service design characteristics. Based on the
knowledge derived from market research and dominance analysis
of LCA by the respective experts, normalised relative impact ratings
of both product and service design characteristics on the rated
design requirements are obtained as a result of this activity.
3.4. Phase 2 ePrioritization of design components
This phase is carried out with a QFD-based matrix (see Akao,
1990) on another spreadsheet, in two sequential activities: Activ-
ity 2.1. Identification of product and service components and Ac-
tivity 2.2. Co-relation of the rated characteristics and identified
components. The skeletal representation of the matrix is illustrated
in Fig. 3.
3.4.1. Activity 2.1. Derivation of product and service design
components
Initially, the participants of the workshop identify the major
product and service components of the EO. In this research, design
components are defined as specific structures of the entire product or
service offering that are designed to fulfil the design requirements, in
line with Arai and Shimomura (2005). The components of services
are classified into human resources, information, and service tools
(Sakao et al., 2017). Human resources include personnel involved in
carrying out the service activities such as service technicians and
on-line support staff. Information regarding the service activities
can include, for example, service manuals and information
regarding product use history. The service tools can include both
hard and soft tools, for example, repair tools and analysis software
(ibid). When the service design objects during redesign are rela-
tively immature or non-existent, the service components can be
described with a relatively lower level of granularity.
3.4.2. Activity 2.2. Co-relation of product and service components
with the characteristics
The outcome of Activity 1.3. of Phase 1 (i.e., rated product and
service characteristics) is used as an input to this matrix (see Fig. 3).
This activity is carried out in the sameway as in traditional QFD (see
Akao,1990). The difference in this activity from traditional QFD is in
the analysis of both product and service design components.
3.5. Phase 3 e Systemic integration of design characteristics
As discussed in Section 2, the integration of product and service
aspects from a systems and lifecycle perspective is the essence of
PSS design in general. Derivation of integrated product and service
characteristics partly based on their exchangeability, which can
meet the requirements and can enhance the said value, is crucial in
Table 1
Service design characteristics and measurables.
Service design
characteristics
Description of measurables References
Responsiveness Time taken to deliver a service/response to the customer. Borgianni and Rotini (2015); Doultsinou et al. (2009); Easton and
Pullman (2001); Lam et al. (2015); Vidor et al. (2015); Wang et al.
(2017); Zheng and Pulli (2007)
Labour intensity Level of involvement of human resource in a service activity. Measured in
terms of the number of personnel involved in the activity and the effort
spent by the personnel.
Smith et al. (2014); Wang et al. (2017)
Customizability Ability to provide a customer the options to personalize the offering based
on their needs. Measured in terms of quantity and type of information
collected from customers (input) and corresponding choices given to
personalize the offering (output).
Doultsinou et al. (2009); Gliatis and Minis (2007); Lam et al. (2015);
Smith et al. (2014); Vidor et al. (2015); Wang et al. (2017); Zheng and
Pulli (2007)
Affordability Level of pricing for a service activity in monetary terms. Borgianni and Rotini (2015); Doultsinou et al. (2009); Song et al. (2014);
Vidor et al. (2015); Zheng and Pulli (2007)
Security Level of protection of the customer data/information. Measured in terms of
security of user information, security while using service, transparency,
confidentiality, etc.
Borgianni and Rotini (2015); Doultsinou et al. (2009); Lam et al. (2015)
Reliability Level of dependability of fulfilment of the intended functions of a service
activity. Measured in terms of consistency of accurate results of service
activities.
Doultsinou et al. (2009); Easton and Pullman (2001); Lam et al. (2015)
Modularity Level to which offerings can be separated and recombined based on
customer needs. Measured in terms of the absolute number of potential
modular alternatives of offerings.
Doultsinou et al. (2009); Vidor et al. (2015)
Fig. 3. Skeletal representation of the Phase 2 matrix and its respective outcomes.
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the designers need to select specific combinations of product and
service characteristics for effective integration, out of a large
number of potential alternatives, which increases in a combinato-
rial manner with the numbers of product and service characteris-
tics. This phase addresses this challenge by supporting designers to
make effective decisions regarding the integration of feasible and
highly rated product and service design characteristics, by building
upon the outcome of Activity 1.3. It is carried out in two sequential
activities: Activity 3.1: Prioritization of feasible combinations for
integration and Activity 3.2: Integration of feasible combinations.3.5.1. Activity 3.1. Prioritization of feasible combinations for
integration
Initially, the participants of the workshop are prescribed to
assign an exchangeability factor (E-factor) for each individual
product and service design characteristic in binary value (1 or 0).
The E-factor is defined as a factor that indicates whether a product or7
service design characteristic displays the possibility to exchange its
design efforts with service or product, respectively (for the definition
of “exchangeability”, see Sakao and Lindahl, 2015). The potential
combinations are identified and prioritized using the formula
za;b ¼ðxa þ ybÞ*ðEa * EbÞ; [7]
where a ¼ 1,2, …d; d is the total number of product design char-
acteristics; b ¼ 1,2, …e; e is the total number of service design
characteristics; xaand yb represent the normalised relative impact
ratings for product and service design characteristics a and b,
respectively (outcome of Activity 1.3); Ea and Eb represent the
exchangeability factors for product and service design character-
istics a and b, respectively; and za;b is the focus ratings for inte-
gration (FRI) for combinations of product and service design
characteristics a and b, respectively.
Rate of prioritization for the integration is determined by the
aggregation of relative importance ratings of the product and
6 The qualitative study reported in this document was not carried out by the
authors of this article. It was carried out and documented entirely by the case
company with the users of their EO to gather insights into the user needs. The
authors received and analyzed relevant parts of this document to extract the
customer needs of the EO. Personal details of the participants of this study were
anonymized in the document.
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integration is determined by considering the exchangeability of the
respective product and service design characteristic. The combi-
nations with the highest FRI (as an outcome of formula [7]) are
selected for further analysis. The high degree of focus does not
suggest that the represented design characteristics must be inte-
grated but rather that they should be prioritized for attempting
potential integration by the designers. This narrows down the
number of alternatives for the potential integration of design
characteristics, which thereafter can support in the generation of
integrated PSS functions that can effectively influence the design
requirements.
3.5.2. Activity 3.2. Integration of feasible combinations
The designers further investigate if the integration of the
selected combinations is sensible and feasible, qualitatively. If
deemed sensible and feasible, they are earmarked to be integrated
in the concept generation phase, with the introduction of relevant
design changes. It is important to note that all highly rated product
and service design characteristics may not necessarily make sense
nor be feasible for integration.
4. Assessment of the design navigator through a case study
4.1. Research design
The development and assessment of the LFD were carried out
through a case study, based on the action design research (ADR)
(Sein et al., 2011) method primarily used in the discipline of in-
formation science. ADR is originally defined by Sein et al. (2011) as
“a research method for generating prescriptive design knowledge
through building and evaluating IT artifacts in an organizational
setting”. In this study, the principles of the ADR method were used
as an inspiration to generate prescriptive design knowledge (in
terms of the navigator LFD) to support the design and evaluation of
concepts of environmentally benign PSSs, in a case study within an
organizational setting (see Appendix B for more details). The
research techniques used include the retrospective technique of
document analysis (Bowen, 2009), a conceptual design workshop
with a focus group setting (Stewart and Shamdasani, 1990) and a
semi-structured interview with the personnel of the case company
(Leech, 2002).
4.2. Description of the case company and existing offering
The case study was carried out with a multinational pulp and
paper company, which, among other things, manufactures incon-
tinence products. An incontinence product offering was chosen as it
has substantial environmental impacts and is a relatively simple
product. It also has service functions that indicate integration
possibility, thus promoting a better understanding of the method
application.
The users of incontinence products are adults, often elderly,
having varying degrees of incontinence problems, from trouble
preventing the leakage of urine during stressful activities, to the
complete inability to control bladder and/or bowel. This study fo-
cuses on the use of such products by residents of elderly homes in
Sweden, who are the main users of the EO. The main customer of
the offering is seen as a typical Swedish elderly home and its staff,
who will be referred to as nurses from here on. The EO under focus
in this research includes a portfolio of incontinence products (e.g.,
products with different sizes, materials, or components) and
complementary service activities (e.g., information provision
regarding the suitability of specific products for specific users) (see
Appendix C for more details).8
4.3. Results of phase 0
4.3.1. Activity 0.1: Customer/market survey
The information for this activity was obtained through a retro-
spective analysis of a report provided by the case company. This
report contains the details and results of a qualitative study of the
users of the EO done in January 2008 by the case company using a
face-to-face interview technique. In this study, a total of eight in-
terviews were carried out by the case company, each of which
lasted approximately 45e60 min. The participants of the study
were reported to be themain users of the EO, all female, with five of
them between the age of 50e80 years old and three between the
age of 20e50 years old. Functionality (i.e., retaining fluids) was
stated as a primary need for both types of users. The younger users
primarily wanted the offering to be discrete and aesthetic. The
older users primarily wanted the offering to be comfortable.
Further details of this document are not disclosed here due to
confidentiality related issues.64.3.2. Activity 0.2: LCA of the EO
The results of the LCA for the EOwere also taken from a previous
study of the EO byWillskytt and Tillman (2019). In the study, award
at an elderly home was investigated regarding environmental im-
pacts associated with the types of products the elderly used from
the product portfolio. Seven users (elderly residents) lived at the
studied ward and used a variation of the product types presented in
Appendix C, both in terms of product size, product type and ab-
sorption capacity. The selection of what products to use for each
user had been made by the nurses, based on their experience. For
more details about the EO, see Willskytt and Tillman (2019).
In this LCA study, the functional unit was the “provision of
incontinence-related hygiene functions for 1 week at a studied
ward in an elderly home”. Two different weighting methods, EPS
(Steen, 1999) and ReCiPe version 2008 (Goedkoop et al., 2009),
were used to determine the dominating environmental impact
categories of the EO. Formula [2] was applied to calculate the im-
pacts, using the weighting methods. Using ReCiPe, agricultural land
occupation (46%), followed by global warming potential (GWP)
(21%) and fossil resource depletion (FRD) (18%), dominated the
result. The EPS results, however, showed that use of abiotic stock
resources (63%), which can be co-related to FRD, together with
emissions to air (35%, mainly CO2 emissions), that is, GWP, domi-
nated the overall impacts. The contribution from land use was
merely 0.15%. Based on the combined results from EPS and ReCiPe,
land use, FRD and GWP dominated the environmental impact over
the lifecycle of the EO (formula [3] was applied). The dominance
analysis of the impact assessment result showed that the produc-
tion of superabsorbent polymer material (SAP) and other fossil-
based nonwoven materials contributed largely to FRD and associ-
ated GWP, while production of fluff (wood-based) material
contributed the most to use of land.4.4. Results of phase 1
A focus group-based conceptual design workshop was carried
out at the case company. Participants of the workshop included the
authors of this research, one product developer, one business
Table 2
Normalised importance ratings of customer requirements.


























Note: The mathematical demonstration of the application of formula [4] for the
environmental requirement (impact category) ‘decrease GWP per function’ is given
as an example: [(0.35þ 0.21)/2¼ 0.28]. 0.35 is the relative importance of the impact
category from the EPS method, and 0.21 represents the relative importance of the
same impact category from the ReCiPe method.
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mental expert of the company. The workshop lasted for around 5 h,
during which the procedure described in Section 2 was followed.
4.4.1. Activity 1.1: Requirements elicitation
Documented information regarding customer needs and
respective importance provided by the case company (see Section
4.3.1) was used as the outcome of market research. This informa-
tion was analyzed and translated into draft design requirements by
the authors prior to the workshop. These requirements were
further refined and contextualized during the workshop, and the
corresponding importance given by the users for the needs was
translated onto the numerical scale of 0e5 importance ratings (see
Section 3.3.1). The final list of user requirements and respective
ratings given on the scale were leakage prevention (concerning
leakage of fluids) e 5, odour prevention (concerning bad odour) e
4, skin-friendliness (concerning irritation for the user’s skin) e 4,
wearing comfort (concerning discomfort to user) e 3, discreteness
(concerning notice-ability to others and information regarding
user’s secureness) e 3, and user-friendliness (concerning the easi-
ness to use) e 1. The normalised importance ratings of the
customer requirements are calculated by applying formula [1] and
are detailed in Table 2.
In the second step, results from the LCA of the EO carried out in
Activity 0.2 (see Section 4.3.2) were used to elicit rated environ-
mental requirements by applying the generic procedure described
in Section 3.3.1. The yielded environmental requirements and the
calculation of their respective normalised ratings are presented in
Table 3.
In the third step, the designers assigned the relative importance
factor f ¼ 0.5 (weighting environmental and customer re-
quirements equally important), and formula [6] was applied to the
results obtained from the above Tables 2 and 3, to obtain normal-
ised relative importance ratings for both customer and environ-
mental requirements presented in Table 4.
4.4.2. Activity 1.2: Derivation of product and service characteristics
Prior to the workshop, based on the authors’ understanding of9
the product-based offering and in reference to the list of service
design characteristics (see Table 1), lists of product and service
design characteristics that are relevant for the EO were derived.
These lists were further refined and added to, in theworkshop after
consultation with the participants. A total of nine product design
characteristics and a list of seven service design characteristicswere
finalized and are presented in Appendix D (see Tables D1 and D2).
4.4.3. Activity 1.3: Co-relation of identified characteristics and rated
requirements
The identified design characteristics and rated requirements
(obtained from Activity 1.1 and 1.2) were co-related. This co-
relation was made mainly by the participants of the workshop
using a QFD-based matrix on a spreadsheet based on their extant
knowledge regarding the EO and the results from dominance
analysis carried out in the LCA. The result of this co-relation is
shown in Fig. 4. The result indicates that the type of material and
customizability are two of the highest-rated product and service
design characteristics, sharing 14% and 13% of the total relative
impact ratings, respectively.
4.5. Results of phase 2
4.5.1. Activity 2.1: Derivation of product and service components
Initially, the authors had identified the technical product and
service components based on their knowledgeof the EO. Thesewere
later refined and confirmedby the participants of theworkshop. The
final list of product components included the following three: 1)
absorption pad (component responsible for absorbing fluids), 2)
fastener (component responsible for affixing the pad onto the user’s
body, i.e., fixation pants for Inco 3 and 4), and 3) auxiliary parts
(additional component that can increase thefluid retention capacity
of the product). The final list of service components included the
following: 1) support staff (human resource to carry out service
activities, i.e., consultation), 2) information (provision or collection
of information, i.e., regarding size, fit, etc.) and 3) support tools
(computer-aided support, databases, handbooks, etc.).
4.5.2. Activity 2.2: Co-relation of product and service components
with the rated characteristics
In this activity, the identified components were co-related with
the rated design characteristics (the outcome of Activity 1.3). The
spreadsheet of the QFD-based matrix used for this phase is given in
Fig. 5. The co-relation was initially done by the authors and was
then refined and confirmed by the participants of the workshop.
The results illustrated in the figure indicate that the absorption pad
and information of the offering are two of the highest-rated product
and service components, sharing 24% and 19% of the total relative
impact ratings, respectively.
4.6. Results of phase 3
This phase involved the identification and potential integration
of hotspots of feasible combinations of product and service design
characteristics. It was carried out in two activities (see Section 3.5)
in the workshop and is described as follows. Results from the
spreadsheet of the matrix of this phase, initially filled out by the
authors and then confirmed by the participants of the workshop,
are presented in Fig. 6.
4.6.1. Activity 3.1: Prioritization of feasible combinations for
integration
Initially, E-factors for product and service design characteristics
were assigned by the authors based on their knowledge of EO (see
Fig. 6). All of the product design characteristics were given an E-
Table 4
Normalised and relativised customer and environmental requirements.









Decrease GWP per function 0.15
Decrease FRD per function 0.22
Decrease land use per function 0.13
Fig. 4. Screenshot of spreadsheet used for Phase 1.
Fig. 5. Screenshot of spreadsheet used for Phase 2.
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product characteristic could potentially be replaced with that of a
service characteristic in meeting the requirements (e.g., type of
material can be influenced by customizability of service activity in
measuring the user’s size). Service design characteristics respon-
siveness, security and affordability were deemed not to have any
exchangeability in relation to the product design characteristics,
and thus were given 0 E-factor value (i.e., security of user infor-
mation does not have any influence on any product design char-
acteristics). Formula [7] was then applied to get the FRI for the
various combinations. The results are presented in the intersecting
cells of the respective product design characteristics (in rows) and
service design characteristics (in columns) in Fig. 6. The combina-
tions with 0% FRI are highlighted by grey coloured cells, and the
combinations with high FRI (the arbitrary cut-off rating is chosen as
20%) are highlighted by red coloured cells. In this case, out of a
potential sixty-three combinations of product and service design
characteristics, the top six combinations are identified and selected
for further analysis (see Fig. 6). These were later reviewed and
confirmed to be accurate by the workshop participants.4.6.2. Activity 3.2: Integration of selected combinations design
characteristics
Six of the top highly rated combinations are selected for furtherFig. 6. Screenshot of spread
Table 5
Results of activity 3.2.
Combination
number




1 Type of material 4 Customizability 27%
2 Amount of material 4 Customizability 24%
3 Number of components 4 Customizability 23%
4 Product fit/shape 4 Customizability 20%
5 Type of material 4 Modularity 21%
6 Dryness 4 Customizability 21%
11analysis and are presented in Table 5. During the analysis, the feasi-
bility for increasing the integration was investigated qualitatively,
initially by the authors and later confirmed by the workshop partic-
ipants. It was deemed that all the selected combinations had feasi-
bility for integration. This assessment is qualitative: for example,
Combination Number 2 was deemed to be feasible, as manipulating
the service characteristic customizability by potentially collecting
more detailed information regarding user characteristics and needs
(i.e., health status) would give the opportunity to manipulate the
amount of material of the product offering by picking an appropriate
incontinence product with the required amount of material.4.7. Illustration and assessment of the utility of the outcomes
4.7.1. Illustration of utility of the outcomes in the concept
generation phase
Redesign based on the results of Phases 1 and 2 could be for-
warded to the respective designers for further development as the
specific redesign of product or service would not influence the
design of service or product, respectively (i.e., product or service
redesign could be performed within its own boundary). Redesign
based on the results of Phase 3, however, needed close collabora-
tion of all the participants of the workshop, as the integration of
product and service characteristics to reduce environmentalsheet used for Phase 3.








Fig. 7. Normalised impact assessment result for the selected impact categories global
warming potential, fossil depletion and land use for RO (redesigned offering)
compared with EO (existing offering).
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relevant actors. This caters to the specific characteristics of a PSS.
Based on the “hotspots” indicated by the previous phases, following
conceptual design changes are recommended to be incorporated in
the new conceptual redesigned offering (RO), as an illustration.
Some of these concepts are inspired by the actual practices of the
case company, for example, carried out in pilot cases (see Willskytt
and Tillman, 2019). Two design changes based on results derived
from Phases 1 and 2 (see Sections 4.4 and 4.5) are as follows:
A. The product design characteristic type of material in the
product component absorption pads of the products is recom-
mended to be changed to more bio-based and less fossil-based
material in the RO, in line with Willskytt and Tillman (2019).
B. The service design characteristic customizability for the service
components information is recommended to be systematically
redesigned and the following concepts are suggested by the authors
to facilitate the redesign: The service activity can include detailed
information provision (service component), for instance, in the form
of guidelines or handbooks to guide the nursing home personnel or
the users themselves (informational output), to collect more infor-
mation regarding the user’s body size, incontinence degree (fre-
quency, quantity and type of incontinence), health status (bed-
ridden or not) and personal preference of the users (informational
input). It is also recommended to introduce a database (i.e., web or
mobile-based application) to systematically provide and collect the
stated informational inputs and outputs, to and from the nursing
home and users directly. The database can be used to create dedi-
cated user (i.e., elderly home patients) profiles, which collect the
stated information and other data regarding current incontinence
products in use by the specific user, on a regular basis. Based on this
information, the case company can effectively provide specific
products needed by each user or track their current product use.
The concepts for redesign suggested in Design Change B can
influence several product design characteristics. The results of
Phase 3 (see Table 5, Section 4.6.2) point out the possibilities for
integrating combinations of six product design characteristics with
the service design characteristics customizability and modularity,
which together have a high influence on the design requirements
from a lifecycle perspective. Potential design changes that can be
introduced in these product design characteristics, as a result of
concepts for redesign introduced in Design Change B, are presented
in Appendix E. These design changes refer to customized and
modular changes in the offering (type, size, quality of the product
or its related service) provided to the end-users during service
provision and not changes to the design of the product prior to
manufacturing. These design changes for the six combinations can
increase the integration between the respective product design
characteristics, and service design characteristics customizability
and modularity, which can potentially influence the design re-
quirements in a combined manner.
4.7.2. Assessment of the suggested conceptual design changes
To assess the outcomes of the application of LFD, the conceptual
design changes recommended in Section 4.7.1 are assessed by
building upon a similar set of design changes assessed with an LCA
in Willskytt and Tillman (2019). The article made a new investi-
gation of, among other things, the environmental impact and
resource use implications of changing the type and amount of SAP
material to fluff-based material in the absorption pads and of
introducing measurement services that were provided to ensure
that the correct incontinence products were used for each patient
at a studied ward at an elderly home.
Building upon Willskytt and Tillman (2019), in this study, the
influence of conceptual changes to the product design character-
istic type of material by replacing SAP with fluff in the absorbing12core of the absorption pad (based on Design Change A). Also the
influence of systemic conceptual design changes to service design
characteristic customizability by introducing measurement services
(based on Design Change B) and partly modularity of the service
component information, on the different product design charac-
teristics type and amount of material, number of components and
product fit/shape (based on the systemic design changes a, b and c
elaborated in Appendix E), were investigated to assess the sug-
gested RO. Fig. 7 shows the normalised LCA result for the RO
compared to EO, considering the percentage contribution from the
different parts of the lifecycle.
For GWP and FRD, the impacts seem to have decreased almost
by 20% for the conceptual RO with respect to EO. The impact on
land use, however, was unchanged. This can be explained by two
factors: first, the measurement service (Design Change B) aimed at
matching characteristically different users with the appropriate
products (products with the right size and the right absorption
capacity). This design change resulted in the provision (and sub-
sequently use) of products with smaller sizes for several users in
the RO, in comparison to the products provided to the same users in
the EO. Consequently, products with lower absorption capacity
could be used in RO, which significantly reduced the material us-
age. Second, the redesign of the products (Design Change A) meant
that they ended up with a lower proportion of fossil-basedmaterial
and a higher proportion of renewable material. Consequently, the
combinations of Design Changes A and B meant that the overall use
of renewable material (which is a major contributor to land use
impact category), was ultimately unchanged between RO and EO.
The evident reductions in impacts related to GWP and FRD
indicate that RO has the potential to be more environmentally
benign than the product-centric EO. The conceptual design changes
in the RO can be sourced to the decisions of the designers to address
the hotspots identified by the outcomes of the application of the
design support. This confirms the potential of the navigator to
support designers in the redesign of EOs towards PSSs with reduced
environmental impacts.
4.7.3. Feedback from the case company
A semi-structured interview was carried out with the partici-
pants of the workshop to collect feedback regarding the utility of
LFD (see Appendix F for more details). The obtained redesign rec-
ommendations were considered to be useful by the case company.
Design Change Awas acknowledged to be immediately feasible and
useful in reducing environmental impacts. The other recommen-
dations for systemic design changes (B and a e c in Appendix E)
were acknowledged as steps in the right direction and corroborated
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their offering across its lifecycle is to provide the right type of
product to the right user through the means of service activities.
However, they pointed out certain practical challenges for
realizing such a transition towards a PSS in relation to the sug-
gested systemic design changes, such as lack of access to updated
user data, ownership of data, and organizational and dynamic na-
ture of user requirements. Since the data is dynamic in nature and
includes highly sensitive health-related information of the users of
the offering, it would pose a significant challenge for the case
company to access and subsequently use it on a consistent basis.
Furthermore, the interviewees reported that the organization is
predominantly a product-centric manufacturing and retail organi-
zation. The suggested service-oriented systemic design would
require significant restructuring of several issues on an organiza-
tional scale such as business model and supply chain design.
The following strengths of the design navigator were pointed
out by the interviewees: i) the novel list of service characteristics
was found to be helpful to systematically design and articulate their
service offerings, ii) the detailed procedure to apply the design
navigator offered them a structured way to redesign, iii) it allowed
them to facilitate collaboration with different actors in a structured
manner during redesign, iv) the procedure to introduce environ-
mental requirements during the early stages of redesign was found
useful to reduce environmental impacts, and v) the potential for the
outcomes of the research to be used as a pedagogic tool was
highlighted.
5. Discussions
To bridge the knowledge gap identified in Section 2, this article
presented a generic design navigator LFD that was carefully catered
to aid the efforts towards the design of a PSS based on its important
inherent characteristics (see Section 2) and successfully applied it
in an industrial case study. The research design of the article was
based on the principles of the ADR method (Sein et al., 2011). The
application has illustrated that the LFD can effectively and effi-
ciently aid designers in the task clarification stage, during the
conceptual redesign of an existing product-centric industrial of-
fering (i.e., incontinence products) towards an environmentally
benign PSS. Although this application assessed the potential envi-
ronmental impacts of the concepts of RO that were generated using
the navigator, these concepts were not subject to an assessment by
the end-users or customers of the offering. However, the assess-
ment did capture the perceived utility of the navigator from the
point of view of the collaborating case company, who represents
the intended class of recipients of the LFD. Thus, the LFD is expected
to be applicable to the redesign of other existing product-oriented
industrial offerings in the manufacturing industry. Specifically, the
contributions of this article can be broken down as follows:
 The use of LCA results (of the EO being redesigned) as an in-
formation input in Phase 0 (see Section 3.2.2) allows the PSS
designers to apply a lifecycle perspective while collecting
empirical information regarding environmental impacts of the
EO. The novel procedure for requirements elicitation (see Ac-
tivity 1.1 in Section 3.3.1) allows designers to seamlessly derive
and relatively prioritize both customer and the environmental
design requirements (sourced from the LCA). Such a procedure
is not evident in the extant literature and is useful to further
advance ecodesign practices. Further, the use of multiple
weighting methods (in Formulas [3] and [4]) to identify and
select relevant impact categories in the form of environmental
requirements that should be addressed during the redesign, is
found to be important. By combining different weighting13methods that build on different principles for valuing the
environment and thus by putting different weights to different
impact categories, the risk of missing relevant environmental
considerations is reduced.
 Note also that a dominance analysis (see Sections 3.3.1 and
4.3.2), that is, an analysis of what stages in the lifecycle
contribute the most to the selected impact categories, is
necessary to identify how environmental issues can be
approached and potentially designed out with relevant changes
to product and service design characteristics (i.e., input to Ac-
tivity 1.3; see Sections 3.3.3 and 4.4.3).
 The generic list of service design characteristics (see Table 1 in
Section 3.3.2) is scientifically new. It is also useful in practice, as
it guides the designers to derive service design characteristics
(existing or potential) during its redesign to a PSS, even when
the EO has few service elements or when the designers have
little experience in service design.
 The use of the modified QFD-based matrices and the proposed
transparent procedures in Phases 1 and 2 (see Sections 3.3.3 and
3.4.2) is especially useful in practice because it facilitates cross-
functional collaboration by allowing environmental specialists,
product designers, and service designers to be navigated to the
intended goal.
 The novel procedure for determining FRI in Phase 3 (see Section
3.5) allows the designers to systematically prioritize the inte-
gration of certain combinations of product and service design
characteristics out of a large number of potential alternatives (as
illustrated in Section 4.6). This prioritization is based on the
potential exchangeability and the combined impact of the
respective product and service design characteristics on the
prioritized design requirements. To the best of the authors’
knowledge, there is no similar extant procedure in the state of
the art that can provide this kind of support, even though it is
crucial for realizing the effective and efficient design of a PSS.
These contributions respond to the reflection made by Ullman
(2002) regarding the requisite support for designers: “Often de-
signers dowhatever is easiest, not what will lead to the best decision…
Much time is wasted making poor decisions”. This reflection might
have already been addressed by advanced practice in some areas
but seems to be valid with contemporary PSS design in industry
(Matschewsky et al., 2018). The methodical gap to systematically
support designers in the redesign of existing offerings towards a
PSS with reduced environmental impacts (using quantitatively
grounded empirics) is bridged by the contributions of this article.
Below, a few limitations of the proposed design support and future
research directions are discussed.
The novel procedure for requirements elicitation (Activity 1.1,
Section 3.3.1) has a few limitations in the form of the following
systematic and built-in biases.
 Systematic bias: The use of multiple weighting methods in
Formulas [3] and [4] might result in the consideration of a
different number of impact categories in the respective
methods. If a relatively higher number of impact categories
relevant to the system in focus are considered in a specific
weighting method, then these impact categories will tend to
have relatively lower weights than in another weighting
method with relatively fewer impact categories considered.
Although this issue could be seen as a systematic bias, the in-
clusion of these formulas is deemed necessary as different
weightingmethods are generally built on different principles for
valuing the environment, thus allowing the consideration of
multiple viewpoints.
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procedure that could unfairly reduce or increase the relative
importance ratings of environmental requirements in relation to
the customer requirements. If the outcomes of Formulas [3] and
[4] include a relatively higher number of environmental re-
quirements rated as more important than that of the rated
customer requirements (the outcome of Formula [1]), then the
environmental requirements may receive relatively lower
importance ratings than the customer requirements. This can, of
course, happen the other way around for customer re-
quirements as well. Thus, to mitigate this bias, Formula [6] is
introduced, which facilitates the normalization or relative pri-
oritization of both environmental and customer requirements.
It should be noted that the design navigator was applied in the
case company in collaboration with the researchers who have
extensive expertise in LCA and PSS design. Hence, there is a risk that
companies (even this case company) may not be capable of suc-
cessfully using this design navigator without the support of such
experts. Since such expertise is a prerequisite for the successful
application of this specific design navigator, this support could be
more appropriate for companies that have expertise in ecodesign
and are looking to further advance their practice. Furthermore, LCA
of EOs and ROs that are complex systems like PSSs might introduce
several challenges (see Kjaer et al., 2016) that are outside the scope
of this article (see a recent work by Kjaer et al. (2018) to address the
potential challenges). Design support, to increase the chances of
successful ecodesign in industry, should include both tools (navi-
gators such as LFD or similar methods) and the expertise to use
such tools. The combined availability of these two elements as a
support for ecodesign is less researched in contrast to the devel-
opment and application of design support tools or methods as such
and therefore deserves more attention.
Investigating the performance of an entire design process
(including cost-benefit analysis) in relation to the employed design
navigator for environmental sustainability is beyond the scope of
this article. However, it is indeed an important research topic, and
interested readers are invited to carry out such an investigation
building upon earlier works (e.g., Rodrigues et al., 2016). Further, it
is important to note that the transition of the EO towards a PSS will
introduce several other complexities, such as required changes in
the business model and supply chain design, among other aspects
(as confirmed by the case company in Section 4.7.3.). These issues
concerning the dependency between designing and business
models are not clearly addressed in the extant literature. Thus, it
could be an important area for future research to provide more
holistic and effective support for the transition of manufacturing
companies towards the development and provision of environ-
mentally benign PSSs.
6. Conclusions
This article presented a design navigator titled lifecycle-oriented
function deployment (LFD), which can support designers to rede-
sign existing industrial offerings into a PSS with less environmental
impacts. It is applicable in the early stages of redesign (i.e., task
clarification) and allows the users to efficiently and effectively
pinpoint the hotspots to be addressed to make the transition to-
wards a PSS with reduced environmental impacts. It uses a com-
bination of LCA and QFD, while also introducing a novel procedure
to identify potential hotspots for integrating product and service
design characteristics from a lifecycle perspective. The navigator14requires the involvement and collaboration of environmental and
market experts, as well as product and service designers. The
application of the method in an industrial case involving inconti-
nence products confirmed its potential to offer the required sup-
port for the designers. Futureworkmay involve the development of
design navigators to aid the designers in the later stages of redesign
towards a PSS with reduced environmental impacts.
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